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% IBIS: systems biology group of INRIA and Université Joseph Fourier/CNRS
o Analysis of bacterial regulatory networks by means of models and experiments

« Biologists, computer scientists, mathematicians, physicists, ...
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Overview

1. Gene regulatory networks in bacteria
2. Novel methods for measuring gene expression

3. Quantitative modeling of gene regulatory networks
o Ordinary differential equations

o Stochastic master equations

4. Qualitative modeling of gene regulatory networks

« Piecewise-linear differential equations

5. Conclusions and perspectives
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Gene regulatory networks

“ Gene regulatory networks control changes in gene
expression levels in response to environmental perturbations

(Changing) carbonl

ouces o Gene regulatory networks
consist of genes, gene
products, signalling
metabolites, and their mutual
regulatory interactions
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Kotte et al. (2010), Mol. Syst. Biol., 6: 355
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Gene expression
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*» Typically, and simplifying quite a bit, gene expression in
bacteria involves:
o Transcription by RNAP (mMRNA)
« Translation by ribosomes (proteins)

o Degradation of mMRNA and protein
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Regulation of gene expression

** Typically, and simplifying quite a bit, regulation of gene

expression in bacteria involves:
« Transcription regulation by transcription factors
o Translational regulation by small RNAs

o Regqulation of degradation by proteases
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Modeling of gene regulatory networks

* Different modeling formalisms exist, describing gene
expression on different levels of detall

detailed coarse-grained
Stochastic master Ordinary differential Boolean
equations equations (ODESs) networks

Smolen et al. (2000), Bull. Math. Biol., 62(2):247-292

Hasty et al. (2001), Nat. Rev. Genet., 2(4):268-279

de Jong (2002), J. Comput. Biol., 9(1): 69-105

Szallassi et al. (2006), System Modeling in Cellular Biology, MIT Press

Bolouri (2008), Computational Modeling of Gene Regulatory Networks,
Imperial College Press

Karleback and Shamir (2008), Nat. Rev. Mol. Cell Biol., 9(10):770-80
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Modeling of gene regulatory networks

“ Well-established theory for modeling of genetic regulatory
networks using ordinary differential equation (ODE) models

Bolouri (2008), Computational Modeling of Gene Regulatory Networks, Imperial College Press
Polynikis et al. (2009), J. Theor. Biol., 261(4):511-30

*» Practical problems encountered by modelers:
« Knowledge on molecular mechanisms rare

« Quantitative information on kinetic parameters and molecular
concentrations absent

o Large models

+» Even In the case of well-studied E. coli network!
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Qualitative modeling and simulation

*» Possible strategies to overcome problems
o Parameter estimation from experimental data
o Parameter sensitivity analysis
o Model simplifications

¢ Intuition: essential properties of network dynamics robust
against reasonable model simplifications

* Qualitative modeling and simulation of large and complex
genetic regulatory networks using simplified models
de Jong, Gouzé et al. (2004), Bull. Math. Biol., 66(2):301-40

*» Relation with discrete, logical models of gene regulation

Thomas and d’Ari (1990), Biological Feedback, CRC Press
Kauffman (1993), The Origins of Order, Oxford University Press
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Ordinary differential equation models

“»» Genetic regulatory networks modeled by ODE models using
sigmoid functions to describe regulatory interactions

Xa= Ky (%, O M) Ny, G, 1) — 2%, MO T

1 J
Xp = Ky "(Xy, 41, N) — 15 X, 1
A I

0

| o X
B <
H X . protein concentration
@ : threshold concentration
p K, y . rate constants

n . steepness parameter
“» Expressions of sigmoid functions account for combinatorial

control of gene expression (AND, OR, NOR, ...)
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PL differential equation models

“* ODE models approximated by means of step functions to
describe regulatory interactions

K= S0 O) S0, ) =2y SO |
).(b = Kp S_(Xa ’ Hal) — % Xp \\5
L
A | 0 Ja X —>
B <
H X . protein concentration
@ : threshold concentration

| | | | K, y. rate constants

** Piecewise-linear (PL) DE models of genetic regulatory

networks Glass and Kauffman (1973), J. Theor. Biol., 39(1):103-29
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Mathematical analysis of PL models

*+ Analysis of local dynamics of PL models

Monotone convergence towards focal point in regions separated by

thresholds
max, - —
/7% AR S S R S
Qb—————:—-—-:——:——- Xp = Kph— b Xp
S L
! .
0 O 0.2 Kao/Ya Max,

).(a = K3 S_(Xa’ ‘9a2) S_(Xb , eb) — Ya X3
).(b = Ky S_(Xa’ ‘9a1) — 7 Xp

Glass and Kauffman (1973), J. Theor. Biol., 39(1):103-29
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Mathematical analysis of PL models

*+ Analysis of local dynamics of PL models

Monotone convergence towards focal point in regions separated by

thresholds
max, : | |
I I I .
I 1 Xy = Ka— Va Xy
I I I .
O ===t - —- Xo == Xp
I
: D : |
I T~ | 1
0 | L @
(9&1 gaz Ka/ Ja max,

).(a = Ky S-(Xa’ ‘9a2) S_(Xb , ‘9b) — YaXa
Xb = K S_(Xa’ eal) — Xy

Glass and Kauffman (1973), J. Theor. Biol., 39(1):103-29
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Mathematical analysis of PL models

*+ Analysis of local dynamics of PL models

Instantaneous crossing of regions located on thresholds, or ...

MaX, ] 1
| | |

- ——— - — - - —¢ — -
| | |

) S R S
A
/ \l |
A o

0 0.1 0., max,

).(a = Ka S_(Xa’ 9a2) S_(Xb 1 eb) — Ja Xa
).(b = Ky S-(Xa’ ‘9a1) — 7 Xp
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Mathematical analysis of PL models

*+ Analysis of local dynamics of PL models

... quasi-monotone convergence towards focal sets located on threshold

hyperplanes max, ) —
|
l L
| | |
O f=mmtmmmme -
N

I T l “@

@ L @
0 0.1 0., max,

).(a = Ky S-(Xa’ Qaz) S-(Xb ’ eb) — YaXa
).(b = Kp S-(Xa’ Hal) — % Xp

“+ Extension of PL differential equations to differential inclusions
using Filippov approach Gouzé and Sari (2002), Dyn. Syst., 17(4):299-316
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Qualitative analysis of PL models

*» Analysis of global dynamics obtained by piecing together local
dynamics in regions

PL approximation preserves bistability of cross-inhibition network

max, | | max,
— | I /
| CEE— / |
3 S S N 6,
| I
7 ~ 1
/ | \ —
0 | Y 0
Ou 0, max,
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Qualitative analysis of PL models

 State space can be partitioned into regions with unique
derivative sign pattern

*» Qualitative abstraction yields state transition graph that
provides discrete picture of continuous dynamics

Alur et al. (2000), Proc. IEEE, 88(7):971-84 D2° . D2 D.24
max, DIt g V‘/ '3.194_ 3\ Dy D* OY
—
D20 D21 P24 D & A \D” D227l *—0
5 -, , T ?

D1 D3 D5 D7 D9
Q o 2 ° D4 ° 6 o
0 eal gaz max, ¢ . ¢ * _
. 1. X3>0 DS: Xa> 0 [ )faZO
de Jong et al. (2004), Bull. Math. Biol., 66(2):301-40 - )-(b> 0 " %, <0 X, <0

Batt et al. (2008), Automatica, 44(4):982-9
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Qualitative analysis of PL models

¢ State transition graph gives conservative approximation of
continuous dynamics

o Every solution of PL model corresponds to path in state transition graph

o Converse is not necessarily true!

 State transition graph is invariant for given inequality
constraints on parameters

max, : : :
| [ |
Kb/j/bi:___-l_-__l__'-_- DU % D2
g, L Du |1_2___:__:___ ?/. O<‘9a1<‘9a2<Ka/7/a<maXa
/ I : I .‘—>‘ O<0b<Kb/7/b<maXb
D1 b3 I | D1 D3
/ | I |
0 Hal Haz Ka/ Ja max
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Qualitative analysis of PL models

¢ State transition graph gives conservative approximation of
continuous dynamics

o Every solution of PL model corresponds to path in state transition graph

o Converse is not necessarily true!

 State transition graph is invariant for given inequality
constraints on parameters

max, | -
l 11
Kbl o q-—--re--{ D@ ®D% 0<@, <a,< iy <max
Qb DU D o o e — — o T/ al a2 S KalVa a
/ I . .‘—>‘ O<0b<Kb/7/b<maXb
D1 b3 11 D! D3
7 11
0 ) ,
Ot O Ka/Va MaAX, Batt et al. (2008), Automatica, 44(4):982-9
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Qualitative analysis of PL models

¢ State transition graph gives conservative approximation of
continuous dynamics

o Every solution of PL model corresponds to path in state transition graph

o Converse is not necessarily true!

 State transition graph is invariant for given inequality
constraints on parameters

max, — -
% S . ' pig
-
| | | T 0< Ka/7a<eal<ea2<maxa
g LDi_ 2o !
| | 1 < < <
/ : \ Ibg : Dl O Hb Kb/yb maXb
D1 | |
0 Ky/Ya Ot s max, Batt et al. (2008), Automatica, 44(4):982-9
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Use of state transition graph

*» Analysis of steady states and limit cycles of PL models

o Attractor states in graph correspond (under certain conditions) to stable
steady states of PL model Casey et al. (2006), J. Math Biol., 52(1):27-56

 Attractor cycles in graph correspond (under certain conditions) to stable

limit cycles of PL model Glass and Pasternack (1978), J. Math Biol., 6(2):207-23
Edwards (2000), Physica D, 146(1-4):165-99

DZO‘Q D2l D
max, : : Dt & Yo / D19<_ ‘23\2%5 D26 D?
< = ®oO—0
< . e , ,‘\D17 D2/
1 e/
| | .
Qb - _Y>. - - _< - - {- DlO: Dle @ DV’ eD?® @D @ DV
/7 : \ | .T/ \ l. .l .l
=) £~ 08
D2 o D* LvDS
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Use of state transition graph

*» Paths in state transition graph represent predicted sequences
of qualitative events

“* Model validation: comparison of predicted and observed
sequences of qualitative events

DZO ° D21 D24

X4 ¥ / 19 23 D2 D*® D%
/\ D18 o D.<—D.>. «— .4—.
: 17 22
D16 : o oo / l / l

Concistency? . / \1. ,1 ,1

[ ) —_ — @ —
: — Yes ying Sl Sl e ¢
. . time D2 D4 1D6
Xa>0 Xa<0 ._y.._y.‘<—..D8
% >0 * % >0 o1 %> 0 17. %<0 18. %= 0
" %,>0 " %,>0 Xp=0
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Model validation by model checking

“* Dynamic properties of system can be expressed in temporal
logic (CTL) A

There Exists a Future state where x,> 0 and x,> 0 0 ; >
and starting from that state, '
there Exists a Future state where x,< 0 and x, >0

EF(%,> 0 A % >0 A EF(%,<0 A %> 0)) Ox.a>0 o™
X, >0 * X,>0
** Model checking is automated technique for verifying that state
transition graph satisfies temporal-logic statements
Efficient computer tools available for model checking
Batt et al. (2005), Bioinformatics, 21(supp. 1): i19-i28
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Genetic Network Analyzer (GNA)

* Qualitative analysis of PL models implemented in Java:

Genetic Network Analyzer (GNA) o
Distribution by

S — Genostar SA
é.ﬂn_h‘— P G Ty T e "
T - e — Genostar
o .
SR P ANPA e ay
»-.‘\" ! ‘
ey s
E = =
= de Jong et al. (2003),
| Bioinformatics, 19(3):336-44

http://www-helix.inrialpes.fr/gna
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Genetic Network Analyzer (GNA)

“* Model-checking technology made available to GNA user

o Develop tem poral Iog ICS / GNA Request 1 [ Model-checker 1 [ Model-checker
tallore d to blOIOglcaI modeling tool Manager \1::(\;) server \]:;;) server
q u e Stl O n S ‘ Simulator | [Queue manager] 3 rur
Verification Authentication o > < ~
Mateescu et al. (2010), ol ‘ NHSM‘{CADP ‘ ‘ NUSMV‘ S )
Theor. Comput. Sci., in press Property editor {Load - I
J @ LNRIA. _
. Property :
o Develop temporal-logic | translator " Extemal MC |
MC clien Web server
patterns patterns for U S
frequently-asked modeling [ Senerside pluscis A

. [ ] - Client-side plug-ins
qu estions

Monteiro et al. (2008), Bioinformatics, 24(16):i1227-33

o Connect GNA to standard model checkers through a web-server
connection Monteiro et al., (2009), BMC Bioinform., 10:450
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Analysis of bacterial regulatory networks

“* Applications of qualitative simulation

In bacteria:

o Initiation of sporulation in Bacillus subtilis
de Jong, Geiselmann et al. (2004), Bull. Math. Biol., 66(2):261-300 Lasl C12.HSL

o Quorum sensing in Pseudomonas LasR:C12-HSL
aeruginosa
Viretta and Fussenegger (2004), Biotechnol.
Prog., 20(3):670-8

o Onset of virulence in Erwinia
Chrysanthemi RhIRr:C4-HSL

Sepulchre et al. (2007), J. Theor. Biol., 244(2):239-57
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E. coli response to carbon starvation

“* Response of E. coli to carbon starvation conditions: transition
from exponential phase to stationary phase

log (pop. size)

*» Growth transition is accompanied by profound changes in gene

expression, allowing cell to adjust its functioning to stress
COnditiOﬂS Storz and Hengge-Aronis (2000), Bacterial Stress Responses, ASM Press
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Modeling of carbon starvation network

% Can we understand how gene regulatory network controls
adaptation in response to carbon starvation?

Network senses carbon source availability and global regulators
coordinate adaptive response of bacteria

‘ J:CVa

Crp.cAMP
" GyrAB
N

: Crp S gnal
[ Gyrl R DNA
[ — Supercoiling _l

_I:F

TopA
:Stable RNAs

 — RpoS.RssB | —
=4

* Development of qualitative model of network

Translation of network diagram into PL formalism (regulatory logic)
Ropers et al. (2006), Biosystems, 84(2):124-152
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Development of PL model

*» Translation of network diagrams into PL models

« Straightforward for direct interactions...

Fis

rm P1 activity
o 4
) ®

o
s

o
N

: 2 1+
. Xn — K:n + I/{vns (Xf,ef) _f}/n Xn
Stable RNAs —» ©

I — c

Pl P2

e ... but also possible for indirect interactions

2
=
©
+ g
Crp.cAMP g S
- S “‘:‘“\\‘%‘
SN
M <& SR
s '9 -
x 10 =
x 10
| concentration (M) 0.9 Crp concentration (M)

_)E'y: ﬁ;;} -+ Hf(. — Ty Xy
_);’C: H,é -+ Hg S+{XC, 9%} 5+(x}r'1 9};] — e *c
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PL model of carbon starvation network

Us

Ie

T f

Tq
T
To
Ty
Tt

Tn

0

ﬁ:; + n,j (1 — sT(ze, 67) st (xy, 9;) s (us,05)) — vy

ke +h2 s (27,07) s (e, 00) sT(wy,0,) 5T (us, 0s) + 62 s~ (x7,05) — e @
k(1= sT(xe,0:) s (2y,0,) 57 (us, 05)) s~ (25, 6%)

+ K,fc sT(xa,0:) s (z4,6;) s (x4,6}) s_(mf,(??)

X (1= 5" (e, 0:) 8" (2y,0y) s (us,05)) = v @y

ko (1 — s+(ma,9§) s (xi, 93) s_(:r:t,é’f)) s_(.ﬁr:f,ﬁ’jr) — Ya Ta

Ki s+(:1:c,9i) s+(my,9;) S+(u3;93) sT(zo, 0o) —vi xi

o — (Vo + k7 s (20,6) s~ (us, 0s)) o

rgé +n:§ s+(.ﬁco, 0.) —vb Ty

ki §T(2a,02) s (21,07) s~ (a4, 67) s+(a:f,6‘?) +r; 8T (20,00) — Vi m
Ko s+(:r:f, 93}) + K2 — Yn Tn

“* PL models supplemented with inequality constraints on
parameter values

Inequality constraints inferred from experimental literature
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Attractors of stress response network

“* Analysis of attractors of PA model: two steady states

» Stable steady state, corresponding to exponential-phase conditions
)
\
.
*
[d1]
ZEro_ren k_rtn_24g_rrh (k_rrr_2+k_ren_100g_rrn FEx_trn
L I
Sigral T o )
zero_Signal t_Signal ma_Signal
e zero_Gyrl t_Gyrl_1 k_Gyrlig_Gyrl t_Gyr_2 t_Gyrl_3 max_Gyrl \ P \( <
Rpos
zer0_RpoS k_RpoSig_RpoS_1 +g_RpoS_2) t_RpoS k_RpoSig_RpoS_1 max_RpoS
RssB —
zeto_RssE t_ResE k_ResB_1/ly_RssB (k_ResE_1+k_ResB_2)g_RssB tax_ResB (
€ : =7)
Sigral o - N
zero_Sigral t_Siomal rigx_Sigreal
Tapk zero_Tops t_Topa_1 t_Toph_2 t_Topa_3 k_TopA_1/g_Topa (k_Topa_1+_Topa_2)ig_Toph max_Topa
aTe E £
zero_alc t_aTc max_aTc
m
zero_rm k_rm_Zig_rrn (k_rrn_2+k_rrm_1g_rm max_rrm
» Stable steady state, corresponding to stationary-phase conditions
)
L1 L]
Signal ] - 4
zera_Sighal I_Sighal mEx_Sighal
| s ra v ia_ym v v Wy e sy
= zero_Fis t_Fis_1 k_Fis_1ig_Fis t_Fis_2 t_Fis 3 t_Fis_a L Fis 5 (k_Fis_1+k_Fis_2)hy_Fis k_Fis_3My_Fis (k_Fis_1+k_Fis_3)iy_Fis max_Fis
-
-
rre
Zero_trn k_rrn_2ig_rrn tk_rrn_2+k_rrn_12fg_rrn ma_trn
e sy AL aopme B s
RpoS
TEro_Rpos k_RpoSiy_RpoS_1+y_RpoS_2) t_Rpos k_RpoSi_Rpos_1 Hax_Rpos
RssB
zero_RssB t_RssB k_RasB_1/y_RssE (k_Rs=B_1+k_RssB_2)g_RssB max_RasE
Signal } 1
zero_Signal t_Sigral max_Signal
Topa
zero_Topd t_Topd 1 b Tops 2 b Topa 3 k_TopA iy _Tops Ck_TopA _1+k_Topd _2)a_Topa i _Topd,
alc : :
zero_alc t_aTe max_aTc
[
Zero_rm k_ren_2fg_ren Ck_ren_2+k_ren_1)fg_rr max_rm
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Transition to stationary phase

“+» Does model reproduce transition from exponential phase to
stationary phase upon carbon starvation?

carbon run-out

/ time
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Qualitative simulation of network

> Simulation of transition from exponential to stationary phase

State transition graph with 851 states starting from exponential phase, all paths
converge to stationary-phase steady state upon stress signal
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)
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uuuuu

max_GyraB|
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51 S516 5462 §134 S110 585 S562 537 544 561 S56 554 557 tTeopa_l 'lr ¢ 1{
zero_TopA | | | | | | | | | | |
t_Fis 57 51 S616 S452 5134 5110 585 562 537 544 S61 S50 554 567
t_Fis_& | T
F| S t_Fis_37] I}
t_Fis 27 max_rmn- | \l/
k_Fis_1{ g_Fis| ir Ch_rrn_2 +k_rn_1 )4 g_rmn = = = ¢ l. 'lr ¢ l. 'lr ir l. ¢
t_Fis_17] ‘L ‘L ‘L 'L ‘L ‘L ‘L | r r n k_rn_2Fg_rm™| o
zere_Fis | | | | | | | | | | | | _| [ [
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Hypothesis on carbon starvation response

% Sequence of qualitative events leading to adjustment of
growth of cell after carbon starvation signal

Lo Y27
Crp.cAMP ]
l— - _
=" GVAB —— +1
N | .
! o~ =0 Signal
J:Gyr Supercoiling
JﬁF'

TopA
J:Stable RNAs
“
| — RSSB RpoS.RssB* RIP S:L
-4

¢ Central role for mutual inhibition of Fis and Crp, the two major
regulators of the cell
Cross inhibition functions as toggle switch, pulled by stress signal
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Real-time monitoring of gene expression

* Use of reporter gene systems to monitor gene expression in
vivo and in real time

* Fluorescent and luminescent reporters
* Reporters on plasmid and in chromosome

;; rrnB — \

> fis :
— promoter region
> > o

_-——— > | bla gfp reporter
i_r> oD > oS cI_omng promote_r gene
P e, regions on plasmid

;;’:; topA —~

> gyrB ori

i =

— gyrA
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Real-time monitoring of gene expression

*» Integration of reporter gene systems into bacterial cell

/ N \
Global
E. coli regulator
genome /
excitdtion
. Reporter
gene /\/\/
k emja]/\
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Real-time monitoring of gene expression

*» Integration of reporter gene systems into bacterial cell

Well with
bacterial culture
® /
( ) ‘ ooocoog,éoooo
4 O" S00000EOOD00
T~ 000000000000
Differentgenereporter \OOOOOOOOOOOO
system in wells OOOOOOOOOOOO
00000000000
00000000000
0000000 0DDO0

96-well microplate

“ Use of automated microplate reader to monitor in parallel in
single experiment expression of different reporter genes
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Real-time monitoring of gene expression

“* High-precision measurements of changes in gene expression
on population level in response to environmental perturbations

« Measurement of absorbance, fluorescence, luminescence
o About 100 data points over an interval of 10 hours

» Treatment of raw data

o Outlier detection, regression spline fitting with GCV, background
substraction, confidence intervals via bootstrap, ...

Fluorescence and absorbance data

de Jong et al. (2010), BMC Syst. Biol., 4:55
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Real-time monitoring of gene expression

< Computation of biological quantities using kinetic models

Reporter protein concentrations and reporter synthesis rates
(proportional to mMRNA concentrations)

dn(t)

dt = Km f(t) - (,U'(t) + ’y”) n(t)
A dq(t)
/C\ ar n(t) — (u(t) + vq) a(t)
->®
dr(t
- d(t) = fir (q(t) = 7(t)) = (u(t) +74) (1)
Fluorescence and absorbance data Fis reporter concentration fis reporter MRNA concentration

||||||

de Jong et al. (2010), BMC Syst. Biol., 4:55
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Real-time monitoring of gene expression

“* Wellreader: Matlab program for analysrs of reporter gene

expression data

WellReader -- NO NAME*

2] ¢] a] a] a] ol a] &] &] 5] 8] (o
a) ] o] a] &l & a] =] =] 5] 5| 2]
efeflefefclofefe)e)a]s

3] z]| 3 3 5] sl)al] =] 3f 2]l oS 8
) e) o] o] ef o o) o] ¢] & of | |
o) 2| 2 2] & ol 5] @] 3] ] o s

slejejejsjcjsjejefs]s|

3| 5| 3] ] | 3 3] 3] 1] 3] 3|

Boyer et al. (2010), Bioinformatics, 26(9): 1262-4

r'v
()

Co| mp ute promoter activity - C1
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Biodegradation of polluants by P. putida

*» Soll bacterium Pseudomonas putida mt-2 is archetypal model
for environmental biodegradation of aromatic pollutants

TOL network involved in degradation of m-xylene to intermediates for
central carbon metabolism

m-xylene 3MBA 3MB

MA
@\ — —_— OH—>%—>—>—9—9 QM'
CH
o on 2 S a2
Metabolic processes
XvIR Regulatory events
VIR @ — xyis, Xy,
—>" | O > @
XyIR @ 1 A\ \L
AP, Psi P Pr
k |—> | [—>
XyIR xylS | xylUWCMABN XyIXYZLTEGFJQKIH
v upper pathway meta pathway
Xyls, O

Rocha-Silva et al. (2011), Environ. Microbiol., in press
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Role of regulators of TOL network

“* What is the role of the central, plasmid-encoded regulators
XyIR and XylS?

CH: xvz L E F J K &.’

CH; ma g ¢
CH I OH ‘
? | oH 0 B@
Metabolic processes
XvVIR Regulatory events
vk @ XylS; Xyls,
—>1 | O >®
XyIR @ A\ J,
NP, VP, P P,
k |—P : [—>
XyIR  xylS | xylUWCMABN XYIXYZLTEGFJQKIH
v upper pathway meta pathway
XylS, O

“ Development of PL model of TOL network

Translation of network diagram into regulatory logic and PL models
Rocha-Silva et al. (2011), BMC Syst. Biol., in press
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Role of regulators of TOL network

*» Validation of model by testing predictions under different
perturbation conditions (mutants, metabolic inducers, ...)

d e ‘
( )100 1 ( )100 ey . ") max upper
X el A J . k"fg—
£ 80 £ 80 6-
= 2 2810 T T 1
= = s1 sb s9 s1f 512
=] =]
S 60 o 60
5 5 max XylS
o e 62—
e “ 20 kg
—O—Ps 6'—
0 (i - - - zero
0 5 10 15 s1 's5 's9 's11 512"

Time (h) Time (h)
Rocha-Silva et al. (2011), BMC Syst. Biol., in press

*» Plasmid-encoded regulators of TOL network act as regulatory
firewall

Prevent toxic m-xylene and its biodegradation intermediates from
Intervening with indigenous metabolic pathways
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IRMA: synthetic network In yeast

< IRMA: synthetic network in ~ *
yeast consisting of interlocked
positive and negative
feedback loops

Networks functions \_
independently from host cell =y
< Network can be externally I~ =

. . regulation
controlled by growing cells in
glucose or galactose

SHEZ locus CBF1 locus SWI5 locus ASH1 locus

e —_— —_— —_————— —_—
~

MET 15]GaLa [GaLiofswis ASH1EALAD]

Cantone et al. (2009), Cell, 137(1):172-81
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IRMA: synthetic network In yeast

Switch-on time series Switch-off time series

“* IRMA proposed as a -
benchmark for modeling and ‘
identification approaches

% IRMA dynamics measured over =A
time in galactose (switch-on) T
and glucose (switch-off)

Quantitative RT-PCR

< Question: are measured =l | =

dynamics consistent with
constructed network structure?

ASH1 o ASH1
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Test of consistency structure-dynamics

“* Development of (unparametrized) PL model representing

network structure

“»+ Approach to test consistency between network structure and
data based on automated parameter constraint search:

o Generate temporal logic formulae encoding observed network dynamics

Batt et al. (2010), Bioinformatics,

26(18):i603-10

024

005 4

switch off switch on
{averaged over 4 time series) (averaged over 5 time series)
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II I 1
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! 1 ]
Al .
"- 002 4 / L
004 3- 5,;,7‘"1-\ */'_ \ 0g ;/ P Y, -
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Test of consistency structure-dynamics

“* Development of (unparametrized) PL model representing
network structure

“»+ Approach to test consistency between network structure and
data based on automated parameter constraint search:

o Generate temporal logic formulae encoding observed network dynamics

o Testif there are any parametrizations of PL model satisfy temporal logic

Symbolic state space and symbolic parameter space Symbeolic state space and explicit parameter space
Property Existence of Parametrnization” Number of Parametrization™
parametrization parametnizations
L~ — i) . 0
FR— "Ssm’i q o a g '\S] ri o a S5 i5
< 1 averagEd > Yes ¥ Swis < Sﬁwi.'i < 9511&'.‘3 < 9.‘:‘11:;5 < ¥ Swi5 < 9.‘914:;.‘3 < 85:.:.'1'5 <
o 0 0 ; T 0
. . Ko Ko 45 calsn - Koy = g =
tume-senes 105 A —Calfl GaglS0 el 0255 B usg < —=efl p _Swil g
N " (#99) ¥ Gal80 T Gal80 Galst ( ) ( ﬂ(’“i"’” TGal80  YSwis S o 18
Mo [t +H,(-1 180 Kois g
W Cal8o < 6 - = Calsg zal80 . wid o~ 99
Y Zal&d Galsd Vi Zal&0 ¥ Swis Swis
K Gg180 T8 Galsd
W Jals < B
- Galso)

o e . 1 1 2 0 0 0
* All parametrizations additionally mclude & ¢y /Yobn < Ocbpt < (K + Keyp )/ Yobpt N Kggy [Yoay < Ocay < (Kgyy + Kooy )/ Yoay N Ky gy [Yashs <

Oachs < (KGps + Baeht )/ Vashs-
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Test of consistency structure-dynamics

“* Development of (unparametrized) PL model representing
network structure

“»+ Approach to test consistency between network structure and
data based on automated parameter constraint search:

o Generate temporal logic formulae encoding observed network dynamics

o Testif there are any parametrizations of PL model satisfy temporal logic
formulae

o Analyze parametrizations for biological plausibility
« Activation threshold of CBF1 by Swi5 higher than activation
threshold of ASH1 »: confirmed by independent experimental data

Batt et al. (2010), Bioinformatics,
26(18):i1603-10
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Test of consistency structure-dynamics

“* Development of (unparametrized) PL model representing
network structure

“»+ Approach to test consistency between network structure and
data based on automated parameter constraint search:

o Generate temporal logic formulae encoding observed network dynamics

o Testif there are any parametrizations of PL model satisfy temporal logic
formulae

« Analyze parametrizations for biological plausibility
*» Automated approach for testing coherence between network
structure and data based on model-checking techniques

Symbolic encoding of model, dynamics and properties to make problem
feasible
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Perspectives: towards guantitative models

* Qualitative models can help understand basic principles
underlying dynamics of complex gene regulatory networks

Models provide a coarse-grained picture of the dynamics, but capture the
regulatory logic of the network of interactions

¢+ Biological validation of qualitative models has a long history,
and experimental validation of specific predictions is
Increasingly becoming possible
« New measurement techniques: fluorescent reporter genes, guantitative
proteomics , metabolomics, ...
« New ways to control biological experiments: overexpression plasmids,
microfluidics, ...
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Perspectives: towards guantitative models

> Quality of data produced by new experimental techniques
makes it increasingly realistic to work with fully quantitative
ODE models

o More accurate representation of biochemical mechanisms

o More precise predictions

“ Perspective raises new methodological challenges: parameter
estimation in large nonlinear ODE models
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Perspectives: towards guantitative models

* Qualitative models can help understand basic principles
underlying dynamics of complex gene regulatory networks

Models provide a coarse-grained picture of the dynamics, but capture the
regulatory logic of the network of interactions

¢+ Biological validation of qualitative models has a long history,
and experimental validation of specific predictions is
Increasingly becoming possible

« New measurement techniques: fluorescent reporter genes, plate
readers (cell populations) and microscopes (individual cells), quantitative
proteomics and metabolomics, ...

o New ways to control biological systems: overexpression plasmids,
microfluidics, synthetic biology, ...
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Perspectives: towards guantitative models

> Quality of data produced by new experimental techniques
makes it increasingly realistic to work with fully quantitative
ODE models

o More accurate representation of biochemical mechanisms

o More precise predictions

“ Perspective raises new methodological challenges: parameter
estimation in large nonlinear ODE models
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Perspectives: towards guantitative models

“+ Coupling of global regulation of transcription with carbon
metabolism

Modeling of glucose-acetate shift in E. coli

(Changing) carbon feteeeeesseeeesesteseseseseesessssessssessesseesssssessstessesssssessssssssessssssssesssessesesassnsessasnn .
sources E. coli 11 Environment
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Kotte et al. (2010), Mol. Syst. Biol., 6: 355
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Perspectives: towards guantitative models

*» Kinetic model with 47 variables and 193 parameters

Parameters estimated from published experimental steady-state data
sets for balanced growth on either glucose or acetate

* Analysis of model shows that adaptation to change in carbon
source is achieved by distributed sensing of intracellular fluxes

Crp-cAMP flux sensor IcIR-GLX-PYR flux sensor PdhR-PYR flux sensor Cra-FBP flux sensor
Pathway usage motif Pathway usage motif Flux direction motif Flux direction motif
PTS protein ElIIA-P Branch point effect at ICT PpsA MasAB Fdp Emp
,L ,l, - - < FBP -
— cAMP —» — GLX —» — __w» PYR — —
‘L cAMPdegr AceA L AceB PykE Pdh PikA L Emp
Crp IciIR PdhR Cra
On acatate On gluecose Onglucose  On acetate On acetal =] On glucose On acatate On glu
_ ~ T —— _ ~ |
ad | g 807 g
=2 \ 5 - £o os| &2
=3 igh oo o
E E0a5[
= chl = L low - = EYH low = low
= 00 00 — 100 0w
4 L I =T activity 2 [ = | Craact vty
= g Crp activity ] high % [ PdhR activity :E ~ high
85 : raciy | || 2 | . is %
IGIR ac £ .= h
8';_;9 £ oW Y T £ activity low o
s . . L Q
-0.2 =01 [i] 2 4 o 2107 410701 05 1 0.2 01 o 2 4 -0.2 -0 a 2
Flux through Embden— Flux through glyoxylate Flux through Embden— Flux through Embden—
Meyerhoff (pmol'gDW/s) shunt (umol/gDW/s) Meyerhoff (umaoligDW/s) Meyerhoff (umaol'gDW/'s)

Kotte et al. (2010), Mol. Syst. Biol., 6: 355
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Perspectives: towards guantitative models

“* No algorithms that guarantee globally optimal solution for
parameter estimation in nonlinear models

Evolutionary algorithms, simulated annealing, genetic algorithms, ...

* Parameter estimation demands experimental data of sufficient
guantity and quality

Common problems: noise, sampling density, unobserved variables, ...

Ashyraliyev et al. (2009), FEBS J., 276:886-902
van Riel (2006), Brief. Bioinform., 7(4):364-74

“* Moreover, models of regulatory networks may be non-
identifiable by principle, but ...

. even partially identifiable models may yield interesting
results!
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Perspectives: network identification

s Adaptation of methods for hybrid-systems identification to PL
models of genetic regulatory networks

]
i.| Time-series|
Switch detection } JlT}\

J
‘ sl
N

1 1 1 1 1 1 1 -
5 10 15 20 25 30 35 40 45 50 55

Mode estimation

Threshold reconstruction ‘ ‘ H ‘

k

Network inference

Drulhe et al. (2008), IEEE Trans. Autom. Control, 53(1):153-65
Porreca et al. (2008), J. Comput. Biol., 15(10):1365-80
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Perspectives: network identification

s Adaptation of methods for hybrid-systems identification to PL
models of genetic regulatory networks
.lyf@ WJ 1
— Switch detection | L

J
‘ UB _
\

5 10 15 20 25 an a5 40 45 50 55
Mode estimation
‘ < nar
Threshold reconstruction “ ost
g 04
‘ . 5 10 15 20 25 an a5 40 45 50 55

time steps

Network inference

Drulhe et al. (2008), IEEE Trans. Autom. Control, 53(1):153-65
Porreca et al. (2008), J. Comput. Biol., 15(10):1365-80
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Perspectives: network identification

s Adaptation of methods for hybrid-systems identification to PL
models of genetic regulatory networks
.lyf@ WJ 1
— Switch detection

v

Mode estimation

v

Threshold reconstruction

v

Network inference

Drulhe et al. (2008), IEEE Trans. Autom. Control, 53(1):153-65
Porreca et al. (2008), J. Comput. Biol., 15(10):1365-80
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Perspectives: network identification

s Adaptation of methods for hybrid-systems identification to PL
models of genetic regulatory networks
.lyf@ WJ 1
— Switch detection
Mode estimation
Threshold reconstruction | v
I J

Network inference

Drulhe et al. (2008), IEEE Trans. Autom. Control, 53(1):153-65
Porreca et al. (2008), J. Comput. Biol., 15(10):1365-80
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Perspectives: towards controller networks

¢ Instead of understanding how naturally occuring regulatory
networks control cellular processes (systems biology)...

% ... one could try to (re)design synthetic regulatory networks for
controlling cellular processes (synthetic biology)

“* Reprogramming natural pathways by means of synthetic toggle
switch

SOS pathway from E. coli (DNA damage) and transgenic pathway from
V. fischeri (Quorum sensing)

Kobayashi et al. (2004), Proc. Natl. Acad. Sci. USA, 101(22):8414-9
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Perspectives: towards controller networks

** Reprogramming natural pathways by means of synthetic toggle
switch

SOS pathway from E. coli (DNA damage) and transgenic quorum

sensing pathway from V. fischeri (Qquorum sensing)
A ' [ﬁﬁ- ON

proteolysis spontaneous
of 3. Cl oN '[ Prrc | transition
""""" 1 ON |_-L OFF
- Pre . P
Py 90 Pie
o + L | ON S e :
LacR I Pye I OFF spontaneous
upregulation 3 transition
OFF .
B %‘ : induction
'§ A Cl activity LacR activity
o A ClI proteolysis
E o ~ (RecA)
W a0 e

Kobayashi et al. (2004), Proc. Natl. Acad. Sci. USA, 101(22):8414-9

UNIVERSITE NSTITUT NATIONAL
JM, E'f:::::?EE;’n;u:: (I N RIA GFIEEI\(::J;CITGECheRHONE ALPES 62



Perspectives: towards controller networks

** Reprogramming natural pathways by means of synthetic toggle

switch

SOS pathway from E. coli (DNA damage) and transgenic quorum
sensing pathway from V. fischeri (Qquorum sensing)

A sensor activated RecA <= ssDNA <= DNAdamage

1 (MMC or UV)
T T |
fre
'm-‘_]T P~ m —Pz%-
pTSMa | pCIRa
regulatory circuit output

Kobayashi et al. (2004), Proc. Natl. Acad. Sci. USA, 101(22):8414-9
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Perspectives: towards controller networks

** Reprogramming natural pathways by means of synthetic toggle
switch

SOS pathway from E. coli (DNA damage) and transgenic quorum
sensing pathway from V. fischeri (Qquorum sensing)

A sensor activated RecA ¢— ssDNA ¢— DNAdamage

_L (MMC or UV)
| | l
-y gy
P »
pTSMa ‘JT = | PLe pBFR
regulatory circuit output

Strain produces biofilm when DNA damage is induced by UV light or by
antibiotic (mitomycin)

Kobayashi et al. (2004), Proc. Natl. Acad. Sci. USA, 101(22):8414-9
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Perspectives: towards controller networks

¢ Instead of understanding how naturally occuring regulatory
networks control cellular processes (systems biology)...

% ... one could try to (re)design synthetic regulatory networks for
controlling cellular processes (synthetic biology)

“* New and very active domain
o Student competition IGEM %
i(G[E,

*» Potential applications:
« Biotechnology (biofuels, ...)

o Medicine (viruses targeting cancer cells, ...)
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E. coli and biofuel production

¢ Can E. coli cells be engineered to convert sugars into fuels at
high yield and productivity?

Fermentable sugars obtained from agricultural waste (cellulose, ...)

“* Redesign E. coli cell by including pathways from other
organisms and modifying regulatory mechanisms

Heterofermentative

< Development of e <
biorefineries only In its S
infancy, many technical, g )L e
economical, and . ﬂ% S W Ctomate | Acetyicon " thanol
environmental o e P 3 co, L 3 o B
challenges o e S

Liu, Khoshla (2010), Annu. Rev. Genet., 44:53-69
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Conclusions

** Variety of modeling formalisms and computer tools for
modeling of gene regulatory networks exist

Formalisms built on different modeling assumptions, suitable for
answering different questions

Choice of modeling formalism is choice of tool, not necessarily choice of

world view
detailed coarse-grained
Stochastic master Ordinary differential Boolean
equations equations (ODESs) networks
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Conclusions

“ Modeling of genetic regulatory networks in bacteria often
hampered by lack of information on parameter values

“ Use of coarse-grained PL models that provide reasonable
approximation of dynamics

“ Mathematical methods and computer tools for analysis of
gualitative dynamics of PL models

Weak information on parameter values (inequality constraints)

*» Use of PL models may gain insight into functioning of large and
complex networks

** PL models provide first idea of qualitative dynamics that may
guide modeling by means of quantitative models
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Some challenges for modelers

“+ Upscaling of analysis to large networks of dozens or even
hundreds of genes, proteins, metabolites, ...

Model reduction, qualitative models, and formal verification tools

* System identification and parameter estimation

New measurement techniques yield higher-quality data, but still noisy,
sparse, heterogeneous

Large models on different time-scales, with many unobserved variables

s Systematic design of experimental perturbations for
Identification and control

*+ Redesign of networks for biotechnological or therapeutic
purposes (synthetic biology)
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Internships in IBIS

* Challenging problems for biologists, physicists, computer
scientists, mathematicians, ...

* ... In a multidisciplinary working environment.
*» Contact: Hidde.deJong@inria.fr and www.ibis.fr

Courtesy Guillaume Baptist (2008)

UNIPV‘ERSITE NETITUTY NATIONAL |

(OSEPH FOURIER 08 RECHERONE centre de recherche

‘]m rrrrrrrrrr IQUE I N RIA GRENOBLE - RHONE-ALPES
EYT EN AUTONATIQUE

70



Contributors and sponsors

Grégory Batt, INRIA Paris-Rocquencourt

Valentina Baldazzi, INRA Avignon

Bruno Besson, INRIA Grenoble-Rhoéne-Alpes

Eugenio Cinquemani, INRIA Grenoble-Rhbone-Alpes

Hidde de Jong, INRIA Grenoble-Rhone-Alpes

Estelle Dumas, INRIA Grenoble-Rhdéne-Alpes

Johannes Geiselmann, Université Joseph Fourier, Grenoble
Jean-Luc Gouzé, INRIA Sophia-Antipolis-Méditerranée
Radu Mateescu, INRIA Grenoble-Rhone-Alpes

Pedro Monteiro, INRIA Grenoble-Rhone-Alpes/IST Lisbon
Michel Page, INRIA Grenoble-Rhéne-Alpes/Université Pierre Mendés France, Grenoble
Corinne Pinel, Université Joseph Fourier, Grenoble
Caroline Ranquet, Université Joseph Fourier, Grenoble
Delphine Ropers, INRIA Grenoble-Rhéne-Alpes

ACI IMPBIO

Ministére de la Recherche, = European Commission, INRIA, ARC program Agence Nationale de la
IMPBIO program FP6, NEST program Recherche, BioSys program

%/ INRIA NR =

RHONE-ALPES

UNIVERSITE NETITUT NATIONAL

JOSEPHF%R@.%, s | BTN RIA | s oneares 71

ET EN AUTONATIQUE



